The nuclear aod-1 gene of Neurospora crassa encodes the alternative oxidase and is induced when the standard cytochrome-mediated respiratory chain of mitochondria is inhibited.
INTRODUCTION
conditions, the transcript is actively degraded by one or more factors that are sensitive to cycloheximide (YUKIOKA et al. 1998b) . Nuclear run on experiments in N. crassa have demonstrated that alternative oxidase is transcribed at a low constitutive level under normal growth conditions, despite the fact that transcript and protein are typically not observed in cells grown under these conditions (TANTON et al. 2003) . However, addition of antimycin A to the growth medium resulted in a dramatic increase in the rate of alternative oxidase mRNA production, suggesting that in N. crassa, significant regulation occurs at the level of transcription. The pathway(s) for transducing signals to the nucleus for alternative oxidase expression appear to be complex. In Candida albicans, it was suggested that a histidine kinase may be involved in the expression of alternative oxidase (HUH and KANG 2001) . A search for regulatory mutants based on the expression of a reporter gene in N. crassa led to the identification of four novel genes (aod-4, aod-5, aod-6, and aod-7) , along with one previously identified gene (aod-2), involved in the regulation of alternative oxidase expression (DESCHENEAU et al. 2005) . A similar approach identified several genes required for the expression of the Arabidopsis thaliana enzyme. Most mutants were impaired in their ability to induce the alternative oxidase transcript in response to either antimycin A or the TCA cycle inhibitor monofluroacetate. However, one mutant defective in the ability to respond to antimycin A inhibition could still respond to monofluroacetate inhibition, providing evidence that separate signaling pathways exist (ZARKOVIC et al. 2005) .
Analysis of the alternative oxidase promoter has been performed in plant species such as Sauromatun guttatum, Glycine max and A. thaliana (RHOADS and MCINTOSH 1993) (DOJCINOVIC et al. 2005; THIRKETTLE-WATTS et al. 2003) . Although several putative promoter elements have been uncovered through comparative analysis, the functionality of these elements has not yet been examined. Systematic deletions within the A. thaliana AOX1a promoter have identified a 93 base pair region necessary for induction of alternative oxidase in Arabidopsis (DOJCINOVIC et al. 2005) . Sequence analysis of the Magnaporthe grisea alternative oxidase promoter region revealed the presence of several potential regulatory elements. One strain that had a reduced ability to express the transcript under inducing conditions was shown to contain a mutation between the putative TATA box and the beginning of the coding sequence (YUKIOKA et al. 1998a) . In N. crassa it has been shown that the promoter elements required for proper expression of alternative oxidase are contained in a region 255 base pairs upstream of the aod-1 transcription start site (TANTON et al. 2003) . Here, we report further analysis of the 255 base pair region and identify an alternative oxidase induction motif (AIM) that is required for maximal expression of the enzyme under inducing conditions.
MATERIALS AND METHODS:
Neurospora crassa strains and growth conditions: The N. crassa strain, 7207 (aod-1 pan-2 A), harbors a frameshift mutation in aod-1. Neither aod-1 mRNA nor the alternative oxidase protein are detectable in the strain, even when cells are grown under inducing conditions (LI et al. 1996; TANTON et al. 2003) . We suspect that the frameshift mutation leads to rapid degradation of the transcripts. Growth and handling of this Neurospora strain was performed as previously described (DAVIS and DE SERRES 1970) . Antimycin A at 0.5 μg/ml was used to inhibit the cytochrome-mediated electron transport chain and induce expression of alternative oxidase in transformation experiments. Bleomycin was used at 1.0 μg/ml. Strains of different Neurospora species were obtained from the Fungal Genetics Stock Center (FGSC): N. sitophila (FGSC#4202), N. intermedia (FGSC#6605), and N. tetrasperma (FGSC#2511).
Plasmid construction: Generation of the plasmids pMMAX and pMCMAX was previously described (TANTON et al. 2003) . Both plasmids contain the alternative oxidase structural gene with 374 base pairs of downstream sequence, and a bleomycin resistance gene (AUSTIN et al. 1990 ) in a pUC119 vector. pMMAX contains 255 base pairs of sequence upstream of the previously identified aod-1 transcription start site (LI et al. 1996) , while pMCMAX contains only 10 base pairs of the upstream sequence. To generate plasmids pΔP-1 to pΔP-4, single-stranded DNA of pMMAX was subjected to site-directed mutagenesis using the primer FNA410, which restored a Bgl II site at position -255 that was lost in the original cloning procedure that created pMMAX. Using single-stranded DNA from this restored pMMAX (rpMMAX), a second Bgl II site was introduced at various locations within the aod-1 upstream region using one of four additional mutagenic primers, FNA395 to FNA 398. The resulting plasmids were digested with Bgl II and then re-ligated, so that small regions of aod-1 upstream sequence located between the Bgl II sites were removed. Diagrams of these constructs are shown in Fig. 1A . The procedures for generating and mutagenizing single stranded DNA were as described previously (KUNKEL et al. 1991) .
All other plasmids used in this study were generated through PCR mutagenesis of rpMMAX. Phosphorylated mutagenic primer (200 ng) was added to 17 μl of 1.1X PCR reaction mix (50 mM KCl, 10 mM Tris-Cl pH 8.5, 1.5 mM MgCl 2, 0.1 mg BSA, 0.2 mM dNTPs), 1 μl of 10 mM NAD, 2 μl of rpMMAX (0.5 μg), 0.5 μl of DMSO, 1 μl (2.5 units) of Pfu polymerase, and 0.3 μl (12 units) of Taq ligase. The reaction was placed in a thermocycler and was heated to 95º for 5 min. This was followed by 30 cycles of 95º for 1 min, 55º for 1 min, and 65º for 10 min. After PCR amplification, 0.5 μl (10 units) of Dpn I was added and the mixture was incubated at 37º overnight. The addition of Dpn I enriches the mixture for newly synthesized mutant DNA by degrading the methylated wild type template. The entire solution was then used to transform E. coli (XL-2) competent cells, which were subsequently spread over three Luria broth plates containing ampicillin. Plasmid DNA was isolated from several colonies and sequence analysis was performed to identify plasmids containing the desired mutations. For linker scanning mutagenesis, 14 base pair sequences were replaced in eight different regions of upstream sequence by the sequence ACGAGGATCCTAGC. The replacement sequence contained a BamHI site to facilitate identification of mutant plasmids which were named pLSM-1 through pLSM-8.
The mutagenic primers used in this study, as well as the plasmids resulting from mutagenesis, are listed in Table 1 . All plasmids were examined by DNA sequence analysis to confirm the presence of the desired mutation. The DNA sequence of the entire aod-1 coding and upstream regions was determined for the wild type plasmid rpMMAX and the mutant derivatives pLSM2, pLSM6, pLSM7, pMCHA8b, pMCHA9b, pMCHA28b, pMCHA30, pMCHA66, and pMCHA67 . Other than the changes designed for a specific plasmid, no deviations from the sequence in rpMMAX were seen in any plasmid with one exception. Plasmid pMCHA66 contained a single silent mutation in the aod-1 coding sequence.
Transformation of N. crassa:
Freshly isolated conidia were subjected to electroporation as described previously (TANTON et al. 2003) . The original 45 μl of electroporation mix was diluted with 1 ml of 1M sorbitol immediately following electroporation. After incubation at 30° for 60 min, 600 μl of the mixture was added to top agar containing antimycin A. After gentle, but thorough mixing, the top agar was dispensed evenly over three plates containing sorbose medium and antimycin A. To measure transformation to bleomycin resistance, 90 μl of the electroporation plus sorbitol mixture was added to top agar containing bleomycin which was distributed over three plates containing sorbose medium plus bleomycin after mixing.
Transformation plates containing antimycin A were incubated for five days before photography, bleomycin plates for four days.
DNA sequence from other species: Genomic DNA was isolated as described previously (TANTON et al. 2003) et al. 2003) . This gave rise to a 2.5 kb PCR product which included the aod-1 upstream region.
The product was sequenced directly using primers within the aod-1 coding region. Cloning of the Gelasinospora aod-1 region was previously described (TANTON et al. 2003) . The exact species of Gelasinospora used was not known. The sequence of the Podospora anserina alternative oxidase region was taken from Genbank (Accession number AF321004). Relevant sequences from Chaetomium globosom, Fusarium graminearum, and Magnaporthe grisea were obtained from the respective genome sequencing projects at the Broad Institute of Harvard and MIT (http://www.broad.mit.edu).
Determining transcript start and end sites: Two methods were used to determine the start and end points of the aod-1 transcript. In the first, plaques containing aod-1 cDNA were selected from a lambda phage library constructed in the lambda ZAPII vector system (Stratagene, LaJolla, CA) using polyA RNA isolated from wild type N. crassa cells grown in the presence of chloramphenicol to induce alternative oxidase. Following in vivo excision to release the cloned cDNAs in plasmids, the upstream and downstream regions of the aod-1 insert were sequenced with appropriate primers and the start and end-points of transcription were determined. In the second approach, DNA was extracted from an aliquot of the library and subjected to PCR using one primer near the N-terminus of the aod-1 structural gene and another in a the multiple cloning site of the phagemid just upstream from the site of insertion for the cloned cDNAs. Since the 5′ to 3′ orientation of the inserts was directional during the cloning, these PCR products were predicted to contain the 5′ end of the cloned cDNAs. The PCR products were cloned and transformed into E. coli strain XL-2 Blue. Individual plasmids were sequenced to reveal the start point of the cDNAs.
Other techniques: E. coli transformation and plasmid isolation from E. coli cells (SAMBROOK and RUSSELL 2001) were performed as described previously. DNA sequencing was done using a BigDye® Terminator version 3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) as per the supplier's instructions. Sequence was generated on either an ABI 3100 or 3730 DNA sequence system by the Molecular Biology Services Unit, Department of Biological Sciences, University of Alberta.
RESULTS
Characterization of the aod-1 gene promoter through deletion analysis: An earlier study (TANTON et al. 2003) showed that the promoter element(s) required for inducible expression of aod-1 are located between -255 and -10, relative to the previously determined +1 site of transcription (LI et al. 1996) . To identify the location of potential regulatory elements more precisely, we constructed a series of plasmids, designated pΔP-1 to pΔP-4, each carrying the aod-1 structural gene preceded by various lengths of upstream sequence (Fig. 1A ). These plasmids, along with the control plasmids rpMMAX (structural gene with upstream sequence extending to -255) and pMCMAX (structural gene with upstream sequence extending to -10), all contained a bleomycin resistance cassette, which was used as a control for successful transformation. All six constructs were independently transformed into conidia from the aod-1 mutant strain 7207 and the transformation mixture was spread onto medium containing bleomycin and medium containing antimycin A. Antimycin A inhibits complex III of the cytochrome-mediated respiratory chain resulting in induction of alternative oxidase in wild type N. crassa cells thereby allowing them to grow in the presence of the drug. However, cells that are unable to produce alternative oxidase cannot grow in antimycin A.
When conidia from 7207 were transformed with rpMMAX, pMCMAX, pΔP-1, pΔP-2, pΔP-3, or pΔP-4, a similar number of colonies appeared on plates containing bleomycin (Fig.   1B ) indicating similar transformation efficiencies for each plasmid. However, only conidia transformed with rpMMAX and pΔP-1 were able to produce robust growth when plated on media supplemented with antimycin A, as judged by the number and size of colonies that appeared on the plates (Fig. 1B) . A low number of small colonies are observed in pΔP-2 transformations that may be due to a low level of basal transcription. No colonies were observed following transformation with pΔP-3, pΔP-4, or pMCMAX. These results suggested that only rpMMAX and pΔP-1 contain sufficient promoter sequence to allow efficient expression of alternative oxidase. Thus, it appeared that a crucial regulatory element(s) required for expression of aod-1 was located within the 52 bp region that was present in pΔP-1, but absent in pΔP-2.
Linker scanning mutagenesis:
To define further the region required for expression of alternative oxidase, linker scanning mutagenesis was performed. PCR mutagenesis was employed with the plasmid rpMMAX to replace various 14 base pair segments encompassing the 52 base pair region of interest, with a sequence of equal size ( Fig. 2A) . A similar approach was taken to remove the putative TATA box sequence and a region directly upstream of the position previously identified as the +1 transcriptional start site by primer extension analysis (LI et al. 1996) . The resulting plasmids were transformed into the aod-1 mutant strain 7207 and assayed for growth on plates containing either bleomycin or antimycin A.
All the transformants displayed a similar amount of growth on bleomycin plates (Fig.   2B ). The growth patterns observed on plates containing antimycin A were as expected for the control plasmids rpMMAX and pMCMAX (Fig. 2B) . The construct lacking the sequences upstream of the putative +1 transcription start site, was also able to rescue the aod-1 mutant strain (Fig. 2B, pLSM 3) . We initially considered this to mean that the upstream sequence context of the +1 site was unimportant for the initiation of transcription. However, further work showed that there are multiple sites that can serve as transcription initiation sites and that the originally identified +1 site is not a major initiation point (see below). Replacing the putative TATA box rendered the construct incapable of producing vigorous growth on antimycin A when transformed into the aod-1 mutant strain (Fig. 2B, pLSM 2) . This supports the notion that this sequence represents the authentic TATA box. A construct (pLSM-1) with a 14 base pair region changed between the 52 base pair region of interest and the TATA box restored the ability of strain 7207 to grow in the presence of antimycin A, demonstrating that no critical elements for transcription occur in the affected region. Five constructs (pLSM-4 through pLSM-8) contained flanking sequence. When these constructs were transformed into the aod-1 mutant strain, there were obvious differences in their ability to confer growth in the presence of antimycin A (Fig.   2B ). The pLSM-4, pLSM-5, and pLSM-8 constructs gave transformation results similar to the positive control rpMMAX. However, pLSM6 and pLSM7 were similar to pLSM2, being inefficient at conferring the ability to grow in the presence of antimycin A. The poor growth on these plates suggests that the regulatory element(s) responsible for alternative oxidase induction are contained within a 28 bp sequence that extends from -109 to -136.
Identification of an alternative oxidase induction motif: Inspection of the sequence that constitutes the 28 base pair region that is mutated in pLSM6 and pLSM7 identified two CGG repeats, separated by seven base pairs. This seemed significant as pairs of CGG triplets arranged as either inverted repeats, direct repeats, or everted repeats are known to act as binding sites for proteins belonging to the Zn(II)2Cys6 binuclear cluster (also known as C 6 zinc clusters) family of transcription factors (SCHJERLING and HOLMBERG 1996; SCHWABE and RHODES 1997; TODD and ANDRIANOPOULOS 1997) . For example, the Hap1 protein of Saccharomyces cerevisiae, which regulates a number of genes involved in respiration, binds direct CGG repeats separated by six base pairs (ZHANG and GUARENTE 1996; ZHANG and HACH 1999) . To determine if these repeats were involved in the induction of alternative oxidase, PCR mutagenesis was employed to create plasmids carrying substitutions for each of the six nucleotides that comprise the CGG repeats, as well as for four surrounding nucleotides (Fig. 3A) . These constructs were transformed into the aod-1 mutant strain 7207, and the resulting conidia were plated onto medium containing either bleomycin or antimycin A. A substitution in any of the four nucleotides in the region surrounding the CGG repeats did not affect the ability of that construct to promote expression of alternative oxidase, as indicated by the abundant growth on plates containing antimycin A (Fig. 3B) . Conversely, conidia transformed with constructs containing mutations to any of the six nucleotides present in the CGG repeats were greatly reduced in their ability to grow in the presence of antimycin A (Fig. 3B) .
If the identified sequence is functionally significant, it should be conserved in closely related species. We isolated genomic DNA from N. intermedia, N. sitophila, and N. tetrasperma strains, amplified the aod-1 upstream region of each by PCR, and determined the sequence of the PCR products directly. Neurospora is a member of the order Sordariales, and the sequence of the upstream region from Gelasinospora spp., P. anserina, and C. globosum, was also examined as these are more distantly related species within the same order (HUHNDORF et al. 2004) . In all of these species, perfectly conserved CGG repeats and a TATA box region were identified in relatively similar positions to those in N. crassa (Fig. 4) . The CGG repeats were all separated by seven base pairs. Together, these data suggest that we have identified an alternative oxidase induction motif (AIM), consisting of two CGGs separated by 7 base pairs, which is required for inducible expression of aod-1. Inspection of the sequence in F. graminearum and M. grisea, which are not included in the Sordariales, revealed no analogous sequence (not shown).
Transcription start and end sites for the aod-1 gene:
The finding that the removal of the sequence immediately upstream of the previously identified +1 transcription start site had no effect on the ability of the mutant construct to impart robust growth in antimycin A led us to reexamine the position of the +1 site. We constructed a lambda phage cDNA library from polyA RNA isolated from N. crassa grown in the presence of chloramphenicol. Chloramphenicol is an inhibitor of mitochondrial translation (SCHLUNZEN et al. 2001 ) and the resulting deficiency in oxidative phosphorylation complexes of the mitochondrial inner membrane leads to induction of alternative oxidase. Twelve cDNA clones were isolated from the library and the transcription start site was determined by DNA sequencing. In addition, we used a PCR approach to isolate 36 individual clones representing the 5′ end of alternative oxidase transcripts from the same library (see Materials and Methods). As shown in Fig. 5A , this analysis suggests that a number of positions can serve as the transcription start site of the gene. Surprisingly, none of the 20 different start sites identified matched the start site predicted by primer extension analysis in our previous study (LI et al. 1996) . Nonetheless, since there appears to be no obvious single major transcription start site, we suggest that the previous site still be referred to as +1 to avoid confusion in the literature.
We also examined eight of the phage cDNA clones for the position of the transcription termination site. A major site was identified at a position 161 base pairs downstream from the stop codon of the protein coding sequence (Fig. 5B) .
DISCUSSION
We have used a qualitative in vivo assay that assesses, by simple inspection of the number and size of colonies observed following transformation, the ability of aod-1 constructs to restore efficient growth to aod-1 mutant cells plated on antimycin A. Using this assay and a series of plasmids containing different mutations in the region upstream of the aod-1 gene, we have identified an alternative oxidase induction motif or AIM that is required for efficient expression of the aod-1 gene in N. crassa. The motif consists of one pair of CGG repeats separated by 7 base pairs. Pairs of CGG triplets are known to be recognized by members of the Zn2Cys6 binuclear cluster family of transcription factors. These proteins typically bind as a hetero-or homodimer, with each subunit interacting with one of the trinucleotide repeats (SCHJERLING and HOLMBERG 1996) . Although most proteins belonging to this family bind to inverted CGG repeats, others are known to bind direct repeats or everted versions of the triplet (SCHWABE and RHODES 1997) . The importance of each of the bases in the CGG triplets of the AIM was shown by the severely reduced growth of mutant cells in the presence of antimycin A following transformation by constructs bearing mutations at any of the six positions within the CGG triplets. Thus, it seems likely that the AIM sequence is bound by a Zn2Cys6 cluster transcription factor that controls the transcription of aod-1 in N. crassa. Although most transcription factors in this family are activators of transcription, some are known to act as repressors (AKACHE et al. 2001; TODD and ANDRIANOPOULOS 1997) . Since loss of the site reduces alternative oxidase expression, we predict that the AIM binds an activator of transcription.
The N. crassa AIM sequence, is entirely conserved in N. tetrasperma, N. intermedia, and N. sitophila. This is not compelling evidence for the importance of the region since there are only two to four base sequence differences between any of the four species in the region between the AIM and TATA boxes (not shown). Similarly, the Gelasinospora AIM is identical to that of N.
crassa, but there are only 12 base sequence differences in the region between the AIM and the TATA box in these two species. However, in the more distantly related species P. anserina and C. globosum, the CGG triplets with their seven base pair spacer region and the TATA box region are well conserved compared to N. crassa, but the sequence between these regions is not (not shown). This suggests that the AIM sequence is functionally conserved within these species, all of which are in the order Sordariales (HUHNDORF et al. 2004) . We found no similar sequence within a region 500 base pairs upstream of the alternative oxidase coding sequence in either F. graminearum or M. grisea, which are members of the orders Hypocreales and Xylariales, respectively (CARLILE and WATKINSON 1997) . Thus, the AIM sequence is apparently not a universal element for the induction of alternative oxidase transcription in fungi. Furthermore, since the AIM sequence is likely to be bound by a Zn2Cys6 binuclear cluster transcription factor, which are unique to fungi, alternative oxidases in other organisms will require different factors for transcriptional control.
For many Zn2Cys6 binuclear cluster proteins, the length of the spacer region, rather than its sequence, is an important determinant for binding affinity (SCHWABE and RHODES 1997) while in others, the spacer sequence plays a significant role (NOËL and TURCOTTE 1998) . Our sequence comparison of the AIM between species suggests that there may be conservation of some bases within the seven base pair spacer between the two CGG triplets. However, a construct carrying a mutation at one of these conserved positions (pMCHA29, Fig. 3 ) was similar to the wild type construct in its ability to restore growth in the presence of antimycin A to aod-1 mutant cells. Perhaps a more quantitative assay would reveal minor differences of induction with our mutant spacer construct.
In addition to the discovery of the AIM sequence, our studies have provided evidence that a putative TATA box, identified previously by inspection of the sequence, is necessary for efficient induction. Removal of the TATA box sequence dramatically reduced the ability of transformants to grow on Antimycin A. Furthermore, the TATA box sequence is well conserved in the other Sordariales species. We had previously identified a +1 transcription start site using primer extension analysis (LI et al. 1996) . However, removal of the sequence immediately upstream of this site did not affect transcription. A reevaluation of the position of the +1 site revealed a large number of start sites clustered in a region of about 40 base pairs immediately downstream of the originally identified site.
Mutation of any of the bases in the CGG triplets resulted in a dramatic reduction in the number and size of colonies formed on antimycin A plates. However, a low number of small colonies were observed using these constructs. Similarly, low numbers of small colonies were observed in transformations involving the pΔP-2 construct, which completely lacks the AIM region. We have previously noted that there is a low level of constitutive transcription from the aod-1 gene. In addition, evidence for post-transcriptional regulation in aod-1 expression was observed (TANTON et al. 2003) . One explanation for the presence of some small colonies on antimycin plates with mutant constructs lacking the AIM sequence might be that the presence of antimycin A inactivates systems that prevent expression of the usual constitutive transcripts, but they occur at such a low level that only weak growth is observed. Another possibility is that an additional sequence contained within the upstream sequence present in pΔP-2 is able to stimulate a low level of transcription. A low number of small colonies were also observed in the presence of Antimycin A in transformations involving the linker scanning mutagenesis construct (pLSM-2) that removed the TATA box. This suggests that some low level of transcription can be initiated using sequence that lacks this site. Presumably, another sequence present in the construct is inefficiently fulfilling the role of the TATA box.
Future work will be aimed at identifying the protein(s) which interact with the AIM sequence, and determining how their function is regulated to control alternative oxidase expression. Several regulatory mutants affecting aod-1 expression have been described (DESCHENEAU et al. 2005) and one or more of these may define a transcription factor, which is 
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